The authors demonstrate the coupling effects between the quantum well ͑QW͒ and surface plasmon ͑SP͒ generated nearby on the p-type side in an InGaN / GaN single-QW light-emitting diode ͑LED͒. The QW-SP coupling leads to the enhancement of the electroluminescence ͑EL͒ intensity in the LED sample designed for QW-SP coupling and reduced SP energy leakage, when compared to a LED sample of weak QW-SP coupling or significant SP energy loss. In the LED samples of significant QW-SP coupling, the blueshifts of the photoluminescence and EL emission spectra are observed, indicating one of the important features of such a coupling process. The device performance can be improved by using the n-type side for SP generation such that the device resistance can be reduced and the QW-SP coupling effect can be enhanced ͑by further decreasing the distance between the QW and metal͒ because of the higher carrier concentration in the n-type layer. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2802067͔
The coupling between a semiconductor quantum well ͑QW͒ and a surface plasmon ͑SP͒ can create an alternative channel of light emission besides that directly through carrier recombination. In this channel, the energy in carriers is first transferred into the SP modes, which are induced by the QW spontaneous emission on a metal structure nearby, through a process similar to stimulated emission. The SP modes can then be coupled into radiation mode if the momentum matching condition is satisfied. Such a photon emission channel can be particularly effective when the SP energy loss is relatively lower than that through the nonradiative carrier recombination. In this situation, the spontaneous emission rate and the light extraction efficiency of a light-emitting device can be simultaneously enhanced. Although the coupling between an InGaN / GaN QW and SPs for light emission enhancement has been widely studied, 1-9 so far only the photoluminescence ͑PL͒ measurement was demonstrated. For practical application of the QW-SP coupling, the enhancement of electroluminescence ͑EL͒ in a light-emitting diode ͑LED͒ needs to be illustrated.
In this letter, we demonstrate the variations of EL spectrum and intensity in an InGaN / GaN single-QW LED due to the QW-SP coupling by comparing three LED samples of different device structures. The LED sample of significant QW-SP coupling and low SP energy loss shows the enhancements of EL intensity and the significant blueshifts of emission spectra in the PL and EL measurements when compared with a standard and a flip-chip LED samples. The amount of EL enhancement is quite consistent with what was previously predicted. 3 The QW-SP coupling is expected to also occur in the flip-chip LED. The epitaxial structure was grown on c-plane sapphire substrate with metal organic chemical vapor deposition. It consists of a 25 nm nucleation layer, a 2 m n-type GaN layer, a single InGaN / GaN QW structure ͑3 nm in well width and 8 nm in the widths of the upper and lower undoped GaN barrier layers͒, a 10 nm p-type Al 0.2 Ga 0.8 N current blocking layer, and finally a 70 nm p-type GaN layer. The internal quantum efficiency of the QW was estimated to be 40% based on temperaturedependent PL measurement.
As shown in Fig. 1 for the structure of the SP-coupled LED ͑referred to as LED III͒, in which the QW-SP coupling is expected to occur, a periodical strip pattern of Ni ͑4 nm͒ /Au ͑3 nm͒ was coated with electron-gun evaporation ͑then annealed at 550°C for 30 s in ambient N 2 ͒ on the mesa surface, except the region of the p-contact pad, with the strip width at 10 m and spacing also at 10 m for current spreading ͓referred to as the current spreading layer, ͑CSL͒, in Fig. 1͔ . The p contact consists of the coatings of Ni ͑15 nm͒ /Au ͑150 nm͒, below which a 40 nm SiO 2 dielectric layer was deposited with the plasma enhanced chemical vapor deposition to enhance lateral current spreading. After the coatings of Ti ͑15 nm͒ /Al ͑75 nm͒ /Ti ͑15 nm͒ /Au ͑150 nm͒ for the n-type Ohmic contact, the standard LED sample ͑referred to as LED I͒ is completed. In the flip-chip LED ͑referred to as LED II͒, a 50 nm Ag film was deposited on the current-spreading strip structure such that top emis- sion is suppressed. This Ag film serves to generate SPs at the Ag/ GaN interface for QW-SP coupling. As shown in Fig. 1 for LED III, to reduce SP leakage through the direct metal/ semiconductor contact in the SP-coupled LED, 9 a 10 nm Si 3 N 4 dielectric layer was deposited to cover the Ni/ Au current-spreading strip structure before the final coating of a 50 nm Ag thin film on the top for generating SPs. Therefore, the SP-generating Ag film is isolated from the Ni/ Au current-spreading strip structure and the p contact.
In the EL measurements, the output spectra and intensities from both the top and bottom ͑sapphire substrate͒ sides are recorded. The outputs from the top and bottom sides are denoted as "-T" and "-B," respectively. Figure 2 shows the PL spectra of the three LED samples indicating their relative intensities. The PL measurements were performed with the configuration of bottom excitation and bottom detection. Although the strong reflection in the configuration of full metal coverage on the top sides of LEDs II and III is supposed to result in higher PL intensities in these two samples, the relatively weaker PL intensity in LED II shown in Fig. 2 implies the occurrence of QW-SP coupling in this sample. The reduction of PL intensity is due to the SP energy leakage through the metal/semiconductor interface after the energy of carriers is transferred into SP modes. The QW-SP coupling is expected to also occur in LED III because of their similar structures. In this sample, because of the shield of the Si 3 N 4 dielectric layer, the SP loss is reduced and hence the emission enhancement through QW-SP coupling is observed. The other feature proving the occurrence of QW-SP coupling in Fig. 2 is the blueshifts of PL spectra in LEDs II and III. 10 The center-of-mass energy of the PL spectrum is blueshifted from 2.817 eV in LED I to 2.841 and 2.838 eV in LEDs II and III, respectively. Such blueshifts are clearly manifested in the ratios of PL intensity by using that of LED I for normalization, as shown in the insert of Fig. 2 . Figure 3 shows the EL spectra of the six outputs of the three samples at the injection current of 20 mA indicating their relative intensities. Here, one can see the strongest and weakest EL intensities from LEDs III and II, respectively, in the comparison of bottom emission. Also, the strongest and weakest intensities from LEDs I and II, respectively, in the comparison of top emission can be observed. The significantly higher intensities of LEDs III-B and III-T in comparing with those of LEDs II-B and II-T, respectively, are attributed to the QW-SP coupling in these two samples and the significant SP leakage in LED II. The QW-SP coupling in LED I is expected to be weak because the strip coating of Ni/ Au for the CSL is ineffective for SP generation in the QW-emitting wavelength range. Just like the PL data, the EL spectra in Fig. 3 also show blueshifts due to the QW-SP coupling in LEDs II and III, particularly for the bottom emission. The EL spectral center-of-mass energy of bottom emission is blueshifted from 2.815 eV in LED I-B to 2.819 and 2.833 eV in LEDs II-B and III-B, respectively. The blueshifts are clearly shown in the EL intensity ratios, as shown in the insert of Fig. 3 . The blueshift trend of top emission is less prominent. The EL spectral center-of-mass energy of top emission is shifted from 2.814 eV in LED I-T to 2.812 and 2.821 eV in LEDs II-T and III-T, respectively. The difference between the bottom and top emitting outputs can be attributed to the metal absorption and a more complicated SP coupling process ͑involved in the SP modes at the air/metal interface͒, which affect the top emission spectra.
11 Figure 4 shows the EL intensities of the six outputs as functions of injection current. The relative intensities of the six outputs are unchanged in increasing the injection current. Figure 5 shows the variation of the summation of top and bottom-emitting intensities in each sample with injection current. Although such a summation does not represent the total emission power from a sample, it can indicate the relative output intensity of an LED sample assuming that the radiation patterns of the three samples are similar. In Fig. 5 , one can see the enhancement and reduction of the output intensities from LEDs III and II, respectively, when compared with that of LED I. By comparing the results of LEDs I and III, one can see that the QW-SP coupling leads to 25%-50% output enhancement.
The injection currents used in Figs. 4 and 5 are relatively small when compared with that for a conventional LED due to the large device resistance in the LEDs under study, as shown in the I-V curves of Fig. 6 . Here, one can see that although the turn-on voltages of the three samples are all around 3 V, their 20 mA voltages are larger than 6 V. However, the almost zero current level ͑Ͻ ϳ 1 A͒ in the reverse-biased voltage range indicates that the leakage currents of the three samples are low. The high resistances of those devices can be due to the thin p-type layer, which normally has a thickness of Ͼ200 nm in a conventional LED, and hence has poor current spreading. The device resistance can be reduced by increasing the thickness of the p-type GaN layer and using the n-type side for SP coupling in a vertical LED structure. 12, 13 Because normally the electron concentration in an n-type GaN layer can be quite high ͑up to 10 20 cm −3 ͒ and hence current spreading can be quite effective even with a thin n-type layer, the device resistance will not be sacrificed in reducing the n-type GaN layer down to a few tens of nanometer. In this situation, a thinner n-type layer can lead to stronger QW-SP coupling and higher EL output enhancement.
In summary, we have demonstrated the QW-SP coupling effects in an InGaN / GaN single-QW LED. The QW-SP coupling led to the enhancement of the EL intensity in the LED sample designed for the coupling and reduced SP energy leakage, when compared with the LED sample of weak QW-SP coupling or significant SP energy loss. In the LED samples of significant QW-SP coupling, the blue shifts of the PL and EL emission spectra were observed. 
